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Introduction
5-Oxo-1-arylpyrazolidines are important heterocycles owing to their potential application as bacterial antibiotics 1 or as precursors of carbapenems 2 and diazepinones. 3 Salient methodologies employed to obtain pyrazolidine derivatives include conjugate addition of hydrazines to α,β-unsaturated imides, 4 insertion of diazene derivatives into the cyclopropane ring 5 and conjugate addition-rearrangement of hydrazines to α,β-unsaturated sugar δ-lactones. 1 However, these methods present some drawbacks, such as low chemoselectivity and enantioselectivity. In 2006, we reported the preparation of (R)-and (S)-5-oxo-1-phenylpyrazolidine-3-carboxylic acid, (R)-and (S)-3 via resolution with α-methylbenzylamine.
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Scheme 1
The hydrazine-diester (±)-2 was treated with sodium methoxide to give the heterocyclic ester (±)-5 in 44 % isolated yield (Scheme 2). 9 The 1 H-NMR spectrum for heterocycle (±)-5 showed a doublet signal at 5.27 ppm, which was assigned to the exchangeable NH proton and a doublet of doublet of doublets signal in 4.36 ppm for the tertiary CH proton. The observed coupling between the proton of the methine group and a NH proton led to the conclusion that the phenyl substituent must be located at the α-nitrogen relative to the endocyclic carbonyl group. . X-ray crystallographic structure of (±)-5 showing the phenyl ring bound to the α-nitrogen. 14 The preparation of (±)-5-oxo-1-phenylpyrazolidine-3-carboxylic acid, (±)-3, by direct cyclization of the hydrazine-diester (±)-2 was achieved with potassium carbonate in MeOH-H 2 O, by heating the reaction mixture under microwave irradiation during 15 minutes, followed by treatment with concentrated HCl. 9 The desired product was obtained in 83 % isolated yield (Scheme 3). Enantiomerically pure α-methylbenzylamine has been employed widely as a resolving agent; 8, 10 thus, the next step consisted in the resolution of (±)-3 via diastereomeric salt formation with this chiral amine. The racemic acid (±)-3 was dissolved in hot ethyl acetate-isopropanol (70:30 v/v) before the addition of half equivalent of (R)-or (S)-α-methylbenzylamine. One diastereomeric salt precipitated from the solution whereas the other one remained in solution.
Each diastereomeric salt was obtained in 85 % of the theoretical yield (Scheme 4). 14 The like (R,R)-4 and (S,S)-4 salts were dissolved in aqueous medium and treated with HCl to recover both enantiomers of 3 in free form by filtering the precipitate. Afterward, acids (R)-and (S)-3 were transformed into their corresponding methyl esters through a Fischer's esterification (Scheme 5). The methyl esters (R)-and (S)-5 were analyzed by chiral HPLC and both showed an enantiomeric excess > 99 % (see the Experimental Section). Subsequently, protection of the β-nitrogen in enantiomerically pure methyl esters (R)-and (S)-5 was carried out using 4 equivalents of (Boc) 2 O, obtaining (R)-and (S)-6 in good yield. Saponification of N-Boc esters 6 was achieved with lithium hydroxide monohydrate in THF. The expected acids (R)-and (S)-7 were obtained in 83 and 90 % yields, respectively (Scheme 6). The coupling reaction was carried out through the formation of a mixed anhydride with pivaloyl chloride before the addition of the corresponding amine (aniline, benzylamine, (S)-α-methylbenzylamine, or (S)-2-amino-1-butanol) and heating to reflux for 30 minutes. The protected amides 8-11 were obtained with yields from 69 to 88 % (Table 1 ). An X-ray structure was obtained for compound (R,S)-11. Salient observations are the anti-parallel orientation of the carbonyl groups and the lack of hydrogen bonding between the hydroxyl group and the N-H amide function (Figure 3 ). . X-ray crystallographic structure of (R,S)-11. 14 Finally, the N-Boc protecting group was removed with trifluoroacetic acid to obtain the compounds of interest (R)-12-15 and (S)-12-15 in good yields (Table 2) . X-ray crystallographic structures were obtained for compounds (S)-12 and (S,S)-15. It can be appreciated in both structures that the carbonyl groups are oriented in parallel (Figure 4 ). 
Conclusions
An efficient method for the preparation of racemic 5-oxo-1-phenylpyrazolidine-3-carboxylic acid and its subsequent resolution via separation of diastereomeric salts, in three steps with 85 % overall yield, has been developed. These chiral acids and several novel amide derivatives reported herein are presently being evaluated as building blocks, ligands, and/or organo-catalysts in asymmetric synthesis.
Dimethyl maleate 1.
In a 500 mL three-necked round-bottomed flask equipped with a magnetic stirrer and a reflux condenser, 35 g (301.7 mmol) of maleic acid were placed and dissolved with 200 mL of methanol before the addition of 3.5 g (18.4 mmol, 10 w/w %) of p-toluenesulfonic acid and the flask was heated to reflux for 11 h. After this time, the solvent was concentrated under vacuum and the crude reaction mixture was treated with a saturated solution of NaHCO 3 (100 mL) and extracted with ethyl acetate (3x30 mL). The organic layer was dried with anhydrous Na 2 SO 4 In a 250 mL round-bottomed flask equipped with a magnetic stirrer and an addition funnel, 8.4 g (58.33 mmol) of dimethyl maleate 1 were placed and dissolved in 80 mL of methanol under nitrogen atmosphere. Subsequently, 4.8 mL (46.61 mmol, 5.25 g) of phenylhydrazine was added slowly and the reaction mixture was stirred during 48 h at room temperature. After this time, approximately one third of the solvent was evaporated under vacuum and the flask was cooled to 0 °C, observing a precipitate which corresponded to dimethyl fumarate (1.15 g), 12 which was filtered off, and washed twice with cold methanol (15 mL). The filtrate was evaporated under vacuum to provide a solid, which was suspended in hexane (15 mL) and filtered affording 10. 
5). (R)-1-Phenylethylamonium (R)-5-oxo-1-phenylpyrazolidine-3-carboxylate, (R,R-4).
In a 1 L three-necked round-bottomed flask equipped with a magnetic stirrer, an addition funnel and a reflux condenser, 10.5 g (50.9 mmol) of (±)-3 was dissolved in 570 mL of EtOAc-i-PrOH (70:30, v/v) and the resulting mixture was heated until the solution became homogeneous. Subsequently, 3.1 g (25.45 mmol, 3.24 mL) of (R)-α-methylbenzylamine was added and the reaction mixture was heated to reflux for 15 min, at which point the expected like salt precipitates (see main text). The heating was stopped and the mixture stirred until it reached room temperature. The reaction mixture was then cooled in an ice-bath for 30 min and the precipitate filtered, washed with 30 mL of EtOAc, and dried under vacuum at 40 °C during 24 h to obtain 7.0 g of (R, 
R)-Methyl 5-oxo-1-phenylpyrazolidine-3-carboxylate, (R-5).
In a 100 mL round-bottomed flask equipped with a magnetic stirrer and a reflux condenser, were added 5.0 g (24.3 mmol) of (R)-3, 80 mL of methanol, and a catalytic amount of sulfuric acid. The reaction mixture was placed in the microwave equipment and was heated to reflux during 10 min using a power of 50 Watts. The reaction mixture was then concentrated in the rotary evaporator and allowed to cool to RT before the addition of 25 mL of water. The pH of the aqueous solution was adjusted to 8.0 by addition of aqueous NaHCO 3 to subsequently extract (3x25 mL) the organic product with ethyl acetate. The organic phase was washed with brine, dried with anhyd. 
General procedure for the preparation of amides 8-11
The required quantity of the corresponding precursor, the N-Boc protected carboxylic acid was dissolved with dry THF in a round-bottomed flask equipped with a magnetic stirrer and an addition funnel. An equimolar amount of Et 3 N was added to the solution and the resulting mixture was stirred for ten minutes. At this moment, the flask was placed in an ice-bath and one equivalent of pivaloyl chloride was added slowly during approximately ten minutes. The reaction mixture was stirred at 0 °C during 1 h, and then one equivalent of the corresponding amine was added. The flask was subsequently set inside the microwave equipment and the reaction mixture was heated at 70 °C during 30 minutes, using a power of 75 Watts. Afterwards, the solvent was evaporated and the crude product was extracted with EtOAc, the organic phase was washed with brine, dried with Na 2 SO 4 and concentrated under vacuum. The product was recrystallised from hexane-EtOAc 
General procedure for the N-tert-butoxycarbonyl group removal
The required N-Boc-amide was dissolved in CH 2 Cl 2 and 18 equiv. of trifluoroacetic acid was added. The resulting reaction mixture was stirred during 2 h at room temperature and then the mixture was extracted five times with a saturated solution of NaHCO 3 . The aqueous phase was extracted twice with CH 2 Cl 2 and the organic phase was washed with brine, dried with anhyd. -N-1-diphenylpyrazolidine-3-carboxamide, (S-12) . The General Procedure was followed with 0.56 g (1.46 mmol) of (S)-8 to obtain crude amide (S)-12, which was recrystallised from hexane-EtOAc (95:5 v/v) to afford 0.38 g (92% yield) of (S) 
